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Abstract Alginate-SBA-15 (ALG-SBA-15) was synthesized by encapsulation of the nanoporous SBA-
15 in the biopolymeric matrix of calcium alginate. This adsorbent was characterized using powder
X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), nitrogen adsorption-desorption and
Fourier transform infrared (FT-IR) spectroscopy. Tests were then conducted to study the adsorption of
lead ions onto ALG-SBA-15 from an aqueous solution for the effect of pH, contact time and temperature
in batch systems. Freundlich and Langmuir models were used for a mathematics description of the
adsorption isotherm. The equilibrium process was described well by the Langmuir isotherm model with
the maximum sorption capacity of 222.22 mg g−1 of lead on ALG-SBA-15. The kinetics analysis revealed
that the overall adsorption process was successfully fitted with the pseudo-second-order kinetic model.
The values of calculated thermodynamic parameters (∆G◦, ∆H◦ and ∆S◦) indicated the endothermic
and spontaneous nature of adsorption. All the results validated the feasibility of ALG-SBA-15 for highly
effective removal of lead from an aqueous solution.
© 2013 Sharif University of Technology. Production and hosting by Elsevier B.V.
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The increasing demand forwater, the development of indus-
trial applications and the intensification of human technological
activity are the main reasons for developing waste water treat-
ment systems, especially when heavy metal ions exist in low
concentration. Heavymetal ion contamination represents a sig-
nificant threat to the ecosystem. Among them, lead is of greater
concern.
Lead, which is classified as a prevalent toxic metal and a
major environmental health problem, could enter the chain
through drinking water and crop irrigation. It can accumulate
in bone, muscle, liver, kidney and brain. Excessive lead causes
problems in the synthesis of hemoglobin, kidney disease,
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http://dx.doi.org/10.1016/j.scient.2013.05.013mental retardation, anemia and acute or chronic damage to
the nervous system [1–3]. The WHO limit for lead in drinking
water is 10 µg L−1 [4]. Therefore, removal of lead from natural
and industrial waste water has been drawing more and more
attention.
In order to achieve this goal, many methods have been used
to remove lead from aqueous solutions. Adsorption is one of
the widely used processes for toxic metal removal from con-
taminated water, since it is a simple and economically feasi-
ble method. Many adsorbents have been used for the removal
of lead ions, including carbon nanotubes [2,5], zeolites [4,6],
hydrous metal oxides [7,8] and biomaterials [9,10]. The sorp-
tion and diffusion of pollutants in polymer matrices is a sub-
ject of great technological importance from the viewpoint of
both processing and useful properties [11–15]. Alginate, the
main component of brown algae (a typical marine biomass), is
a polysaccharide biopolymer composed of anionic blocks of 1,4
linkedα-L-gluronic acid (G) andβ-D-mannuronic acid (M). Car-
boxyl groups are functioning sites for binding heavymetal ions,
and the capability of alginate to bind heavy metal ions was in-
vestigated in previous studies that showed a higher affinity for
Pb2+ ions [16,17]. Since the discovery of mesoporous materials
evier B.V. Open access under CC BY-NC-ND license.
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distribution, long-rang homogeneity of texture and modifiable
surface chemistry via functionalization [19,20], they have found
good use as efficient adsorbents. These materials have been de-
veloped and successfully used in the removal of heavy metal
ions, such as lead from aqueous media [3,21–24]. Within this
group, SBA-15 is typical, with its uniform and tunable pore size
(2–50 nm), large surface area (700–1200m2 g−1) and large pore
volume, with a regular hexagonal structure, which can be a reli-
able support for designing adsorbents [25,26]. However, one of
the limitations in the use of SBA-15 as an absorbent is its ultra-
fine structure, which causes some difficulties from a practical
standpoint, such as filtration in the separation process of solids
from liquids.
For solving this problem, the authors demonstrated a novel
technique, based on encapsulation of SBA-15 by alginate as a
suitable biopolymer supporter. This fabrication techniquemade
it possible to modify the inappropriate physical form of SBA-
15 by its immobilization in a polymeric matrix, in addition to
increasing the chemical andmechanical stability of SBA-15 and
decreasing the pressure drop in the columnar operation [27].
Also, alginate, as well as SBA-15, has suitable functional groups
for the removal of metal ions.
In this study, a new nanoporous material containing SBA-15
and alginate was synthesized and its adsorption behavior for
lead ions was investigated. The influence of several operating
parameters, such as contact time, pH and temperature, were
investigated in batch mode.
2. Experimental
2.1. Reagents
Pluronic P123 triblock copolymer and sodium alginate
were purchased from Sigma-Aldrich (Milwaukee, WI, USA).
All other chemicals used were of analytical grade from Merck
(Darmstadt, Germany).
2.2. Adsorbent preparation
Nanoporous silica SBA-15 was prepared under nonthermal
conditions using tetraetyhylorthosilicate (TEOS) as the silica
precursor, pluronic P123 as the template, and HCl to make
the media acidic. 4 g of pluronic P123 triblock copolymer
surfactant (EO20PO70EO20) was dissolved in water/HCl 2 M
solution. Subsequently, TEOS was added. The resulting mixture
was stirred for 8 h and then aged for 24 h at room temperature.
The mole fraction of each component was 1 TEOS: 0.0168
P123: 5.854 HCl: 162.681 H2O. The white product was filtered,
washed and dried. Calcination was performed in an oven at
550 °C for 6 h in air atmosphere to remove the triblock
copolymer organic component.
For fabrication of ALG-SBA-15, suspension of SBA-15 was
prepared by adding 1.5 g of SBA-15 powder and 10 mL pure
water. Following sonication of the solution for a period of
30 min, it was added to a solution containing 100 mL of the
1.5% NaALG solution. Kneading of the mixture was performed
by a high speed disperser for about 2 h. Then it was added
into 0.1 mol L−1Ca(NO3)2 solution through a 0.3 mm medical
needle. Gel type spherical beads were formed during this
process. A pneumatic cutter adjusted the size of the sol droplets
through setting a controllable air flow around the injecting
needle (Figure 1). For hardening the formed composites, it was
gently stirred in the abovementioned solution for 3 h, and thenFigure 1: Schematic illustration of the apparatus used for synthesis of ALG-
SBA-15.
washed three times with pure water and, finally, dried at 40 °C
for about 10 h. According to the weight ratios of NaALG and
SBA-15 before the mixing stage, the amount of SBA-15 was 50%
in composite. The granules of calcium alginate (CaALG) were
prepared in a similar waywith dropwise addition of NaALG into
Ca(NO3)2 solution.
2.3. Adsorbent characterization
A Philips X’pert powder diffractometer system with Cu-Kα
(λ = 1.541 Å) radiation was used for X-ray studies.
XRD analysis was performed from 1.5° to 10° (2θ) at a
scan rate of 0.02° (2θ) s−1. Nitrogen adsorption studies
were made with a Quantachrome NOVA 2200e instrument.
Nitrogen adsorption/desorption isotherms of the adsorbents
were determined at 77 K, and specific surface area by applying
the BET equation to the isotherm [28]. The pore size distribution
was calculated using the adsorption branch of the isotherm and
the Barrett–Joyner–Halenda (BJH) formula [29]. The scanning
electron micrographic image was recorded using a LEO1455VP
microscope. FT-IR spectra were recorded using a Bruker FT-IR
spectrophotometer of model Vector-22 by a standard KBr disc
technique.
2.4. Procedure for sorption studies
The sorption performance of the lead ion on the ALG-SBA-
15 was investigated by the batch method. In this procedure,
10 mg of adsorbent material were added to a 10 mL solution
of 5–250 mg L−1 lead ions. The suspension was shaken for
a preselected period of time using a water bath shaker (CH-
4311, Infors AG). Then, it was filtered and the amount of lead
ion was determined by an inductively coupled plasma-optical
emission spectroscope (ICP-OES) of Varian Turbo Model 150-
Axial Liberty. The sorption rate (%) and the sorption capacity
(q,mg g−1) were calculated using the relationships:
Sorption rate (%) = (Ci − Cf )
Ci
× 100, (1)
q = (Ci − Cf )× Vm , (2)
where Ci and Cf , are the initial and final concentrations (mg L−1)
of the solution, V is the volume of initial solution in mL, and m
is the mass of the sorbent in grams.
2.4.1. Adsorption isotherm
In order to determine the relationship between the amount
of lead ions adsorbed on the adsorbent surface and the
concentration of remaining metal ions in the aqueous phase,
1030 R. Cheraghali et al. / Scientia Iranica, Transactions F: Nanotechnology 20 (2013) 1028–1034adsorption isotherm studies were performed. Among various
binding models, the Langmuir and Freundlich isotherms have
been frequently employed to describe the experimental data
of adsorption isotherms. The Langmuir adsorption isotherm
is based on the monolayer sorption of metal ions on the
homogeneous surface of the sorbent and is represented by the
following equation [30]:
qe = k1(qmax)Ce1+ k1Ce , (3)
where qe (mg g−1) is the amount of analyte bound to the
adsorbent, Ce (µmol L−1) is the equilibrium concentration of
the adsorbate in solution, qmax is the maximum adsorption
capacity (mg g−1), and kl is the equilibrium adsorption constant
(L µmol−1).
The Freundlich isotherm model is considered to be appro-
priate for describing both multilayer sorption and sorption on
heterogeneous surface. The Freundlich can be expressed by the
following equation [31]:
qe = kf Cme , (4)
where kf andm are the Freundlich constants.
2.4.2. Effect of the solution pH
The effect of the solution pH on the adsorption behavior
was determined at a constant temperature of 25 °C for 5 h. In
batch experiments, 10 mg of the ALG-SBA-15 adsorbent were
equilibrated with 10 mL of the solution containing 2 mg of lead
ion at various pH values. The adsorption of lead was studied in
the pH range of 2–6.
2.4.3. Thermodynamic of adsorption processes
The adsorption of lead ions on the ALG-SBA-15 adsorbent
as a function of temperature was investigated. In batch exper-
iments, 10 mg of the ALG-SBA-15 adsorbent was equilibrated
with 10 mL of the solution containing 200 mg L−1 of lead ions
at temperatures of 25, 35, 45, 55 and 65 °C.
For evaluating thermodynamic criteria, the Gibbs free
energy (1G◦) was calculated by the following equation:
ln kd = 1S
◦
R
− 1H
◦
RT
, (5)
where the values of 1H◦ (change in enthalpy in J mol−1) and
1S◦ (change in entropy in J mol−1 K−1) are obtained from the
slope and intercept of ln kd vs. 1/T plots. T is the temperature
in K and R is the universal gas constant (8.314 J mol−1 K−1).
The distribution coefficient (kd) is calculated by the following
equation:
Kd = (Ci − Cf )Cf ×
V
m
, (6)
where Ci and Cf , are the initial and final concentrations (mg L−1)
of the solution, V is the volume of initial solution inmL, andm is
themass of the sorbent in grams. The1G◦ is the change inGibbs
free energy in J mol−1, calculated according to the following
equation:
1G◦ = 1H◦ − T1S◦. (7)
2.4.4. Kinetic studies
In a typical kinetic test, 10 mg of the adsorbent were added
to 10 mL of 200 mg L−1 lead ion solution at natural pH (5.6).
The suspension was agitated for different periods of time (from
10 min to 16 h) using a water bath shaker.Figure 2: XRD patterns of the SBA-15, ALG-SBA-15 and CaALG.
Table 1: Physical properties of the SBA-15, ALG-SBA-15 and CaALG.
Sample Pore
volume (cc g−1)
BET surface
area (m2 g−1)
Average pore
diameter (nm)
SBA-15 0.74 749 12.6
CaALG 0.009 3.8 2.29
ALG-SBA-15 0.17 122 9.7
In order to investigate the controllingmechanism of adsorp-
tion processes, such as mass transfer and chemical reaction,
pseudo-first-order and pseudo-second-order equations are ap-
plied tomodel the kinetics of lead adsorption onto ALG-SBA-15.
The pseudo-first-order kinetic and the pseudo-second-order ki-
netics are expressed by Eqs. (8) and (9), respectively.
log(qe − qt) = log qe − k12.303 t, (8)
t
qt
= 1
k2q2e
+ t
qe
, (9)
where qe and qt are the adsorbed metal in mg g−1 on the
adsorbent at equilibrium and time t , respectively, k1 is the
constant of first-order adsorption in min−1, and k2 is the rate
constant of second-order adsorption in g mg−1 min−1.
3. Results and discussions
3.1. Characterization of adsorbent
Figure 2 represents the XRD patterns of SBA-15, ALG-SBA-
15 and CaALG, in which SBA-15 and ALG-SBA-15 show a strong
peak at 2θ smaller than 3°, along with some small peaks, which
confirm the formation of mesoporous SBA-15 and the presence
of SBA-15 in the ALG-SBA-15.
The nitrogen adsorption isotherms of the SBA-15, ALG-
SBA-15 and CaALG are given in Figure 3. The nitrogen
adsorption isotherms of SBA-15 and ALG-SBA-15 showed a
typical adsorption profile of type IV, which consisted of a step
condensation behavior due to the formation of mesoporous in
the SBA-15 and the presence ofmesoporous SBA-15 in the ALG-
SBA-15 [31–34].
Table 1 shows the specific surface area, pore volume and
pore size of the samples. The BET surface area of the ALG-
SBA-15 sample was 122 m2 g−1, which is less than the SBA-
15 (749 m2 g−1). This may be due to the polymerization of
monomers inside the channels of SBA-15.
As the SEM images (Figure 4) show, the average size of SBA-
15 is 0.2 µm (Figure 4(a)), in which free particles have placed
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and CaALG.
themselves beside the agglomerated ones, while the dimension
of ALG-SBA-15 is 650 µm. Figure 4(c) exhibits distribution of
the SBA-15 in the microcapsules surface.
As Figure 5 indicates, the IR spectrum of the SBA-15 and
ALG-SBA-15 are similar to those of the zeolite framework
structures. The band in region 1055–1090 cm−1 is due to
the internal asymmetric stretching mode of the SiO4 (TO4)
skeleton, which appears to be the strongest band in the spectra
of all silicates. The band at 960 cm−1 is due to the Si–OFigure 5: FTIR spectra of (a) SBA-15, (b) ALG-SBA-15, and (c) CaALG.
stretching vibrations of Si–OH groups present. The broad band
in region 3000–3700 cm−1, with a maximum in the range
of 3400–3450 cm−1, is due to the silanol group vibration
mode [35].
The IR spectrum of ALG-SBA-15 shows absorption bands at
around 3450 cm−1 (OH stretching), 2900 cm−1 (CH stretching),
1610 cm−1 (COO− asymmetric stretching), 1429 cm−1 (COO−
symmetric stretching), 1125 cm−1 (CO− stretching of ether
group), and 1065 cm−1 (CO− stretching of alcohol group)
[36,37]. The similarity of the band absorption regions of NCA-
SBA-15 with both SBA-15 and CaALG denotes the mixed
physical nature of the components in the ALG-SBA-15 [38].Figure 4: (a) SEM image of SBA-15, (b) granular, and (c) surface morphologies of ALG-SBA-15.
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Models Fitting parameters
Langmuir R
2 Kl (L µmol−1) qmax (mg g−1)
0.98 0.092 222.22
Freundlich R
2 Kf (mg g−1 µM−m) m
0.91 46.8 0.323
Figure 6: Adsorption isotherm of lead on ALG-SBA-15. Conditions: initial pH
value: 5.6, agitation time: 5 h, and temperature: 25 °C.
3.2. Adsorption isotherms
The nonlineared Langmuir and Freundlich adsorption
isotherms of lead ions are shown in Figure 6. As seen, there is
good agreement between the experimental data and the Lang-
muirmodel. Therefore, the adsorption process can be described
by the formation ofmonolayer coverage of the adsorbate on the
homogeneous adsorbent surface. The values of the fitting pa-
rameters and correlation coefficient are shown in Table 2. The
calculated maximum adsorption capacity (qmax) of ALG-SBA-
15 was determined as 222.22 mg g−1. This higher adsorption
capacity of ALG-SBA-15 for lead ions can be due to the involve-
ment of functional groups in both SBA-15 and alginate (syner-
gistic effect).
3.3. Effect of pH
The effect of pH on the adsorption of Pb2+ on ALG-SBA-15
was presented in Figure 7. It is clear that the pH of the solution
plays an important role in Pb2+ adsorption characteristics on
ALG-SBA-15. The removal of Pb2+ increases quickly at pH 2–3
and then remains constant at pH 3–6. This behavior can be
attributed to the synergic effect of functional groups in both
alginate and SBA-15. Under these conditions, uptake conditions
for lead are improved with deprotonation of –COOH groups in
alginate. On the other hand, the –OHgroups in both alginate and
SBA-15 compounds have a proton exchange ability with lead
ions at higher pHs, which can be represented as the following
reactions:
HOOC–ALG–OH+ H+  HOOC–ALG+ + H2O (1)
Acidic medium
SBA–OH+ H+  SBA+ + H2O (2)
HOOC–ALG–OH+ 2OH−  −OOC–ALG–O− + 2H2O (3)
Basic medium
SBA–OH+ OH−  SBA–O− + H2O (4)
where HOOC–ALG–OH and SBA–OH denote alginate and SBA-
15 in ALG-SBA-15. Carboxyl groups on alginate, and hydroxyl
groups on both alginate and SBA-15, can function as the binding
sites for capturing Pb2+ ions. Pb2+ ionswere retainedmainly byFigure 7: Effect of pH on lead sorption onto ALG-SBA-15. Conditions: initial
concentration of lead: 200 mg L−1 , initial pH value: 5.6, agitation time: 5 h and
temperature: 25 °C.
Table 3: Thermodynamic parameters of Pb adsorption on ALG-SBA-15
at different temperatures in Kelvin (initial concentration of lead ion
200 mg L−1).
1H◦
(kJmol−1)
1S◦
(J−1 mol−1 K−1)
1G◦ (kJ mol−1) R2
298 308 318 328 338
12.75 0.053 −3.01 −3.54 −4.07 −4.60 −5.13 96.5
electrostatic interactionwith the carboxyl and hydroxyl groups.
In other words, ALG-SBA-15 behaved as an ion-exchanger with
carboxyl and hydroxyl groups as the functioning sites. As a
result, a larger number of positive lead species can be absorbed
by the functional groups. The next experiments in this study
were carried out at natural pH (5.6).
3.4. Adsorption thermodynamics
The effect of temperature on the adsorption of lead ions
onto ALG-MCM-41 is shown by the linear plot of ln kd ver-
sus 1/T in Figure 8, and the relative parameters and correla-
tion coefficients calculated from Eqs. (5)–(7) are listed in Ta-
ble 3. The positive values of 1H◦, and the increasing kd value
with increasing temperature, which indicate the sorption of
lead ions onto the ALG-SBA-15, is an endothermic process. Ex-
cept notification endothermicity of adsorption processes, the
positive value of1S◦ indicates feasible adsorption. It is notice-
able that the 1G◦ values decrease with increasing tempera-
ture, indicating higher spontaneity at higher temperatures. At
higher temperatures, lead ions are readily desolvated. Its diffu-
sion through the medium and within the pores (intra-particle
diffusion) is a faster process contributing to higher probability
of lead adsorption [2]. It was found that the free energy change
for physisorption is generally between−20 and 0 kJ mol−1. The
physisorption, together with chemisorptions, is within −20 to
−80 kJ mol−1, and pure chemisorption is in the range of−80 to
−400 kJ mol−1 [39]. The calculated1G◦ values suggest that the
sorption processes of lead on the ALG-SBA-15 could be consid-
ered as a physisorption process.
3.5. Kinetic studies
The removal of lead ions from the aqueous solution by ALG-
SBA-15 as a function of contact time showed that 5 h was suf-
ficient for the adsorption equilibrium to be achieved (Figure 9).
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Conditions: initial concentration of lead: 200 mg L−1 , initial pH value: 5.6,
agitation time: 5 h.
Table 4: Kinetic adsorption parameters obtained using pseudo-first-
order and pseudo-second-order models (initial concentration of lead ion
200 mg L−1).
Pseudo-first-order Pseudo-second-order
k1
(min−1)
qe1
(mg g−1)
R2 k2
(gmg−1 min−1)
qe2
(mgg−1)
R2
0.295 62.66 0.870 0.039 178.57 0.999
Figure 9: Effect of time on lead sorption onto ALG-SBA-15 and pseudo-second-
order kineticmodel. Conditions: initial concentration of lead: 200mg L−1 , initial
pH value: 5.6 and temperature: 25 °C.
The rate of metal ions adsorption, one of the important char-
acteristics that define the efficiency of sorption, was evaluated
by fitting the experimental data to the pseudo-first-order and
pseudo-second-order kinetics. The parameters of the kinetic
models and the regression correlation coefficients (R2) are listed
in Table 4. From R2 and the predicted qe, it was found that the
pseudo-second-order kinetic model fitted the kinetic data of
the adsorbent ALG-SBA-15 better than that of the pseudo-first-
order. The confirmation of pseudo-second-order kinetics indi-
cates that the concentrations of both sorbate (Pb) and adsorbent
(ALG-SBA-15) are involved in the rate determining step of the
adsorption process [40].
3.6. Comparison of ALG-SBA-15 adsorbent performance with
literature data
A comparison of the ALG-SBA-15 adsorbent performance
for lead removal from aqueous solutions with differentTable 5: Comparison of lead adsorption by NCA-SBA-15 in this study with
other adsorbents from literatures.
Adsorbent qmax (mg g−1) Ref.
SBA-15a 94.8 [21]
SBA-15b 23.7 [21]
MCM-48c 238.2 [23]
MCM-41d 192.9 [24]
SBA-15e 1.1 [41]
MCM-41f 57.7 [42]
ALG-SBA-15 222.2 This work
a Functionalized SBA-15 with Melanin-based NH2 dendrimer.
b Functionalized SBA-15 with 3-Aminopropytriethoxysilane.
c Functionalized MCM-48 with N–N dimethyldodecylamine.
d Functionalized MCM-41 with diethylenetriamine.
e Functionalized SBA-15 with Trimethoxysilylpropyldiethylenetri-
amine.
f Functionalized MCM-41 with 3-Aminopropytriethoxysilane.
adsorbents reported in the literature [21–24,41,42] is given
in Table 5. Comparison of qmax values showed that the
adsorption efficiency of the ALG-SBA-15 prepared in our
work was generally higher than previously reported values;
however, their surface was modified by functionalization. The
high adsorption efficiency of the ALG-SBA-15 is probably due
to the involvement of functional groups in both alginate
and SBA-15 (synergistic effect). In addition, the ultrafine
structure of nanoporous adsorbents such as SBA-15 caused
some difficulties, such as difficult filtration in the separation
process and decreasing pressure in the column operation. The
appropriate physical form and highmechanical stability of ALG-
SBA-15 overcome these limitations.
4. Conclusion
This study demonstrated how the ALG-SBA-15, prepared by
encapsulation of the nanoporous SBA-15 in the biopolymeric
matrix of calcium alginate and employed for the removal
of lead ions from aqueous solution in a batch method, can
be used as a more effective adsorbent than others already
in use. The Langmuir isotherm fitted the equilibrium data
better than the Freundlich isotherm, which demonstrated
homogeneous surfaces with identical binding sites for ALG-
SBA-15. The kinetics of lead adsorption onto ALG-SBA-15 reveal
that lead ions are adsorbed satisfactorily, according to the
pseudo-second-order equation. Fitting of the kinetic data of the
adsorbent ALG-SBA-15 to pseudo-second-order indicates that
the concentrations of both sorbate and adsorbent are involved
in the rate determining step of the adsorption process. The
value of thermodynamic parameters confirmed the feasibility
and spontaneity, as well as the endothermic nature, of the
adsorption process of the lead ions onto ALG-SBA-15, as the
change in enthalpy was found to be positive. In addition to
the high adsorption capacity of the ALG-SBA-15 adsorbent
for lead ions, due to its granulation, by using a biopolymer
of the alginate, the filtration process of solids from liquids
is easier than other mesoporous adsorbents. In future, the
surface of SBA-15 in the ALG-SBA-15 can be improved by
functionalization to make it a better adsorbent for the removal
of heavy metals.
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